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A modified core-to-valence band maximum approach is applied to calculate band offsets of strained III/V
semiconductor hetero junctions. The method is used for the analysis of (In,Ga)As/GaAs/Ga(As,Sb) multi-
quantum well structures. The obtained offsets and the resulting bandstructure are used as input for the
microscopic calculation of photoluminescence spectra yielding very good agreement with recent experimental
results.
I. INTRODUCTION
Semiconductor hetero structures are the basic building
blocks of many opto-electronic devices, such as solar cells,
semiconductor sensors, or laser diodes. By choosing ap-
propriate alloys and layer structures, device makers have
great flexibility in engineering the optical and electronic
properties to meet their requirements. However, the pa-
rameter space for designing such structures is too large
for simple experimental trial-and-error. It is therefore
necessary to thoroughly understand the physics of these
devices, and to be able to predict their performance with
accurate simulation methods.
One fundamental requirement for the reliable predic-
tion of the opto-electronic semiconductor hetero struc-
ture properties is a detailed knowledge of the electronic
band structure throughout the device1. Because energy
bands are a property of the infinite system, complex lay-
ered hetero structures cannot be modeled directly using
standard first principles approaches. Instead, one typi-
cally uses the so-called envelope function approximation
where one keeps the bandstructure of the infinite bulk
materials in the plane of the layers and accounts for the
finite thickness in growth direction such that the hetero
structure can be approximated by stacking these layers
on top of each other2. The infinite band structures of the
reference bulk systems are then modified to take into ac-
count lattice strain imposed by the substrate, and quan-
tum confinement arising from finite layer thicknesses.
In a second step, the bands of adjacent layers are con-
nected at the structure interfaces, leading to the devices’
position-dependent overall band structure. The critical
parameter required to connect the band structures at an
interface is the relative energy offset of their valence band
maxima (VBMs), the valence band offset (VBO)3. It de-
termines both, transport across the interface as well as
quantum confinement of the layers, making it one of the
most important parameters for the design of hetero struc-
tures.
Estimations of the band alignment at semiconductor
interfaces from first principles band structure calcula-
tions have a long history with various different suggested
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methods4–7. The state of the art is to combine calcu-
lations of bulk-like properties of the constituents with
information about the interface. This typically requires
performing at least three separate calculations (bulk ma-
terial X, bulk material Y , interface XY ) but has the
advantage of yielding the true bulk-like VBO with man-
ageable computational effort7.
In this paper, we use the core-to-VBM method intro-
duced by Wei and Zunger5, modified to take into account
anisotropic strain in the grown layers as well as the ex-
act chemical environment of the core levels in multinary
materials. We show that the method can be used to
construct the electronic band structure across a hetero
junction. The results are then used as input into a mi-
croscopic theory allowing us to predict optical properties
of the device.
In section II we describe the modified core-to-VBM
method applied for the calculation of the VBO. We
test the method for the example of the well-known
GaAs/(Al,Ga)As interface in section III. In section IV,
we then determine the band alignments of the hetero
junctions GaAs/Ga(As,Sb) and GaAs/(In,Ga)As. We
use the resulting band structure as input into the mi-
croscopic calculation of the photoluminescence spectra of
these systems which are currently under investigation for
use in flexible type II semiconductor lasers8. The work
is concluded in section V.
II. THE MODIFIED CORE-TO-VBM APPROACH
The VBO of an interface X/Y between two materials
X and Y is defined as the VBM energy difference of the
layers,
EVBO = EYv − EXv . (1)
It is possible to extract EYv and EXv from a single first-
principles density functional theory (DFT) calculation by
calculating the position dependent VBM (one value for
each side X and Y of the interface), which can be done
for instance by analyzing the localized density of states
(LDOS)9. However, such techniques introduce additional
adjustable parameters and are relatively unprecise such
that other approaches are usually preferred.
A more precise method is to compare the VBMs EXv
and EYv of two separate calculations, one for each of
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FIG. 1. a) and b) Two bulk cells X and Y and schematic
drawing of their band structures around the Γ-point, with
the VBMs EXv and EYv , and the conduction band minima
EXc and EYc . EX0 and EY0 are some reference energy level
present in both cells (dashed blue lines). Because of the ill-
defined average electrostatic potential in DFT, X and Y are
misaligned by an energy offset of ∆EXY0 . In the modified core-
level-to-VBM approach, this offset is found by constructing a
combined interface cell, shown in c). An ionic core state, here
the 1s core level of the grey atoms, can then be compared
between an atom in the bulk cell and its image in the interface
cell (red circles), yielding ∆X1s and ∆Y1s. The energy offset can
then be calculated with ∆EXY0 = ∆X1s −∆Y1s.
the bulk materials X and Y . Comparing the EXv and
EYv from separate bulk calculations has the advantage
of yielding the true bulk-like band offset, as information
about the interface is not included in the electronic struc-
ture calculations. In addition, the calculation of EXv and
EYv is much less involved, as the separate cells are smaller
and finite size effects are less pronounced than in the
interface-containing X/Y cell.
However, since the average electrostatic potential in in-
finite solids is an ill-defined quantity10, a common energy
reference level in both systems is required to align their
energy scales before EVBO can be evaluated. Figure 1 a)
and b) show the two bulk cells X and Y , their schematic
band structure around the Γ-point, and some arbitrary
reference level EX0 and EY0 (blue, dashed lines). The
energy scales of the two cells are misaligned by an off-
set ∆EXY0 . The problem of calculating the VBO at the
X/Y interface therefore reduces to aligning the energy
scales between the X and Y calculations, i.e., determin-
ing ∆EXY0 .
In the core-to-VBM approach, ionic core levels EXC and
EYC provide the required reference energies5. These elec-
tronic states are sufficiently localized around the atomic
cores not to be affected by “distant” structural features
such as hetero interfaces. They do, however, depend on
the chemical surrounding of their host ion, as well as
the deformation potentials induced by lattice strain. For
instance, the 1s core state of an As atom in GaAs is dif-
ferent to that of As atoms in AlAs. In multinary and
strained materials, it becomes even more complicated as
the core levels of any ion will depend on the exact chem-
ical environment (distribution of atoms) and lattice pa-
rameters (strain and local static atomic displacements).
It is therefore not possible to directly compare the core
states of of the separate X and Y calculations. Fortu-
nately, unlike the VBMs EXv and EYv , core levels are not
a bulk property but by nature very localized to their host
ions, which makes it possible to calculate them in a single
X/Y interface calculation without loss of precision.
The X/Y cell is constructed by stacking X and Y on
top of each other, thereby simulating a perfectly abrupt
interface between the two bulk cells. Consequently, each
atom in the bulk cells X and Y has an image in the X/Y
cell with the exact same chemical surrounding (apart
from ions very close to the interface) and similar static
atomic displacements, i.e., deformation potentials. Fig-
ure 1 c) shows the combined supercell and highlights ex-
ample atoms in the individual bulk cells and their corre-
sponding images in the X/Y cell (red circles).
The energy scales of X and Y are then aligned as fol-
lows: Some core level is calculated for all ions in the bulk
cells X and Y and in the interface cell X/Y . A natural
choice is the atomic 1s orbital, as it’s radius is the small-
est and it is conveniently symmetric. The corresponding
energy levels are then EX1s and EY1s for the ions in the
X and Y cell, and their images EX,X/Y1s , E
Y,X/Y
1s in the
interface X/Y cell.
Because
E
X,X/Y
1s
!= EX1s and E
Y,X/Y
1s
!= EY1s , (2)
the energy offsets ∆EX1s = E
X,X/Y
1s − EX1s and ∆EY1s =
E
Y,X/Y
1s −EY1s between each bulk cell and the X/Y inter-
face cell are found. The VBO then is:
EVBO = (EYv −∆EY1s)− (EXv −∆EX1s) . (3)
It should be noted that in order to preserve the lattice
strain and static atomic displacements in the X/Y inter-
face cell with respect to the two bulk calculations X and
Y , all three calculations need to be structurally relaxed
before the calculation of the core states and the valence
band maxima. In semiconductor hetero structures, the
lattice parameters perpendicular to the growth direction
are usually equal to the substrate lattice constant, and
the layers are free to expand or shrink only in growth
direction. This should be taken into account when ap-
plying the core-level-to-VBM approach.
III. THE GAAS/(AL,GA)AS INTERFACE
To test the accuracy of the modified core-to-VBM
method, we apply it to the GaAs/(Alx,Ga1−x)As het-
ero junction with varying composition x. Note, that
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FIG. 2. VBO of the GaAs/(Alx,Ga1−x)As interface for dif-
ferent concentrations x of Al. The Al and Ga atoms in the
upper cell were distributed using five realizations of SQS, with
the shaded area around the line fit representing the standard
deviation of the VBO with respect to the atomic distribution.
throughout the paper, we study [001] growth direction
and the corresponding interfaces. The (Al,Ga)As super-
cells are constructed using special quasi-random struc-
ture (SQS)11 to approximate infinite bulk alloys. The 1s
core levels of the ions are calculated using the initial state
approximation12 and the VBOs were found by determin-
ing the highest occupied energy state in the bulk cells,
EGaAsv and EAlGaAsv . Even though AlAs and GaAs have
very similar lattice parameters, strain in the (Al,Ga)As
cell was still taken into account by constraining the lat-
tice constant parallel to the interface (100 and 010 direc-
tion) to that of GaAs (0.566 nm), and relaxing the cell in
001 direction.
Let us briefly summarize the core-to-VBM method de-
scribed in section II by the GaAs/(Al,Ga)As example.
1. Construct the GaAs and (Al,Ga)As bulk cells with
the GaAs lattice constant. Random distribution of
Al and Ga atoms in the (Al,Ga)As cell is done by
constructing SQSs13.
2. Relax the bulk cells in (001) growth direction to
account for strain.
3. Run electronic structure calculations of the bulk
cells to determine EAlGaAsv and EGaAsv , as well as
the 1s core levels EAlGaAs1s and EGaAs1s .
4. Stack the relaxed bulk cells vertically ([001] direc-
tion) to construct the GaAs/(Al,Ga)As interface
cell.
5. Relax the interface cell. This is done to take into
account corrections of the atomic structure at the
interface.
6. Run an electronic structure calculation of the inter-
face cell to obtain the core levels of the combined
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FIG. 3. The difference between the 1s core states of As atoms
in the GaAs/(Alx,Ga1−x)As cell with respect to the corre-
sponding bulk reference states, as a function of position in
growth direction.
GaAs/(Al,Ga)As cell. Apply eqs. (2) and (3) to
find the VBO.
For the DFT calculations, we use the pseudo-potential
based Vienna Ab initio Simulation Package14 with
the PBEsol exchange-correlation functional.15 Spin-orbit
coupling is not taken into account for the electronic struc-
ture calculations of GaAs and (Al,Ga)As, as it has neg-
ligible effect on the position of the VBMs in these mate-
rials7. The size of the GaAs cell is 2 × 2 × 2 cubic unit
cells and we use a Γ-centered Monkhorst-Pack16 k-point
grid of 5×5×5. The (Al,Ga)As cell size is 2×2×3 unit
cells big (the long dimension is the growth direction) and
a k-point grid of 5 × 5 × 3 is used. For the calculation
of the GaAs/(Al,Ga)As interface cell a 5× 5× 2 k-point
grid is used. The kinetic energy cut-off is 368 eV in all
calculations.
First, we study the VBO between GaAs and
(Alx,Ga1−x)As depending on Al concentration x, which
was varied between 0 % and 100 %. For each composi-
tion, five SQS configurations of atom placement on the
group III sublattice (Al and Ga) were calculated to esti-
mate the impact different lattice realizations. The results
are shown in fig. 2. We obtain a linear dependence of
E
GaAs/(Al,Ga)As
VBO (xAl) = xAl × (455± 10 meV) . (4)
Our result aligns well with previous literature values, all
of which are in the range 400 meV to 550 meV for the
GaAs/AlAs interface5,17,18. A linear dependence of the
offset on Al concentration has also been found previ-
ously18. The uncertainty related to the distribution of
Al and Ga atoms in the (Al,Ga)As cell is 12 meV.
The position dependence of the 1s core states of As
atoms throughout the supercell is shown in fig. 3. For
each As (group III) layer in the hetero structure, the
4difference between the 1s core levels of the interface cell
and of the bulk reference cell is shown. The energies
are averaged over all As atoms in the layer. We can
make two observations from the data. First, the core
levels clearly converge to their bulk values within not
more than two atomic layers distance from the interface.
This shows that the interface has negligible effect on the
core levels and that the core-to-VBM method described
in section II requires not very extended cells in growth
direction. Second, the relative core levels are constant in
the respective parts of the cell, which indicates that they
are not influenced by long-range electric fields, such as a
macroscopic polarizations.19
Our results for the GaAs/(Al,Ga)As model system
are encouraging and suggest that the method can read-
ily be applied to other semiconductor hetero junctions.
In the next section, we study the GaAs/Ga(As,Sb) and
GaAs/(Ga,In)As interfaces, which are highly relevant for
the construction of flexible type-II semiconductor lasers.
IV. GAAS/GA(AS,SB)/(GA,IN)AS MQW STRUCTURES
The core-to-VBM method is applied to the
GaAs/(In,Ga)As and GaAs/Ga(As,Sb) hetero in-
terfaces. These materials are currently investigated for
use in 1.3 µm type II semiconductor lasers.8 The results
are used to calculate photoluminescence (PL) spectra
for an (In,Ga)As/GaAs/Ga(As,Sb) multi quantum well
(MQW) structure, and are compared with experimental
data from Ref. 20.
A. Band offsets
The details of the calculations are the same as for the
GaAs/(Al,Ga)As interface: Realizations of atomic place-
ments are generated using SQS, the GaAs cell size is
2×2×2 cubic unit cells and the (In,Ga)As and Ga(As,Sb)
cells are 2×2×3 unit cells big, with similar k-point grids
as described in section III. In all electronic structure cal-
culations spin-orbit coupling is taken into account, as it
has significant effect in In and Sb containing materials.
For both interfaces, we study the dependence of the
VBO on concentration of the dilute constituents (In and
Sb). The results are shown in fig. 4. Clearly, the VBOs
depend not only on the concentration of In or Sb, but
vary also with atomic placement. In the studied compo-
sition range of 0 % to 25 %, which covers the materials
relevant for applications, the dependence of the offsets
on concentration is linear. The data yields the following
results for the composition-dependent VBOs:
E
GaAs/(In,Ga)As
VBO (xIn) = xIn × (−440± 10 meV)
E
GaAs/Ga(As,Sb)
VBO (xSb) = xSb × (−1300± 20 meV) . (5)
With the results from eq. (5) the (In,Ga)As/GaAs/
Ga(As,Sb) MQW structure can be constructed. The
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FIG. 4. VBOs of GaAs/(In,Ga)As and GaAs/Ga(As,Sb) ver-
sus concentration of In or Sb atoms in the ternary layer. Lin-
ear least squares fits are shown as straight lines, estimated de-
viations due to different placement of atoms in the (In,Ga)As
and Ga(As,Sb) layers are shown as shaded areas.
Thickness Band gap Conc. VBO
(In,Ga)As 5.70 nm 1207 meV 20.3 % In 89.3 meV
Ga(As,Sb) 5.5 nm 1103 meV 23.7 % Sb 308 meV
GaAs 4.80 nm 1447 meV
TABLE I. Parameters of the modeled MQW structure. VBOs
relative to GaAs are calculated from eq. (5). Band gap values
are for the band gaps in the strained MQW structure.
modeled structure is shown schematically in the inset
of fig. 5. Table I lists the parameters for the differ-
ent quantum wells, with compositions and thicknesses
taken (within experimental uncertainty) from the study
Ref. 20. The band gaps in Table I are calculated using
values from Ref. 17. For the calculation of the VBOs the
core-to-VBM method, detailed above, is used.
B. Photoluminescence
Experimentally measured PL spectra for
GaAs/Ga(As,Sb)/(Ga,In)As MQW structures have
been presented in Ref. 20. A typical example is repro-
duced as the shaded area in Fig. fig. 5. In the figure,
we clearly see the type I transition of the Ga(As,Sb)
quantum well around 1.146 eV and the type II transition
between the (In,Ga)As and Ga(As,Sb) quantum wells
appears at 1.056 eV, respectively. For more details on
the transition assignment, the sample used, and the
measurement techniques, we refer the interested reader
to Ref. 20.
In our microscopic calculations of the PL spectrum,
we solve the semiconductor luminescence equations21.
Here, we assume equilibrium Fermi-Dirac distributions
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FIG. 5. Normalized experimental (shaded area, from Ref. 20)
and calculated (line) PL spectra of the structure outlined in
the inset. The type I and type II transitions of and between
the two quantum wells and are clearly visible.
for the 0.001× 1012 cm−2 excited electron-hole pairs.
The Coulomb matrix elements, the dipole matrix ele-
ments, and the single particle energies are calculated
using 8×8 k·p theory22,23. The electron-electron and
electron-phonon scattering is taken into account at the
level of the second-Born-Markov approximation24. The
spectrum is inhomogeneously broadened by convolution
with a 30 meV FWHM Gaussian distribution in order to
take structural disorder effects into account.
The computed PL spectrum is shown as solid line in
fig. 5. The comparison with the experimental results
yields good overall agreement. In particular, both the
type I and the type II transitions are reproduced rather
well, confirming that the computed band offsets are close
to the experimentally realized values.
V. CONCLUSION
In this paper we show how the core-to-VBM method,
modified to include anisotropic strain and static atomic
displacements (SADs), can be used to accurately
predict VBOs of III/V semiconductor hetero junc-
tions. The method is first applied to the well-known
GaAs/(Al,Ga)As interface and compares well with re-
sults from the literature. As expected, a linear depen-
dence of the offset on Al concentration is found, with the
GaAs/AlAs offset at 455± 10 meV.
In section IV, the approach is applied to the
(In,Ga)As/GaAs/Ga(As,Sb) MQW, which is currently
investigated for flexible type II semiconductor lasers.
Within the compositional uncertainty and for the region
of interest of 0 % to 25 % we find linear dependencies of
the GaAs/(In,Ga)As and GaAs/Ga(As,Sb) VBOs on In
and Sb concentration, respectively. The calculated off-
sets are used to predict the PL spectrum for an MQW
hetero structure, which is compared with experimental
measurements from Ref. 20. The type II transition en-
ergy is well reproduced, indicating successful prediction
of the offsets.
Our results show that the core-to-VBM method is suit-
able to predict band alignments of strained semiconduc-
tor hetero junctions from first principles and can readily
be applied to other material systems. In conjunction with
solvers for optical properties, it is possible to calculate
quantities such as PL spectra without experimental in-
put, allowing to theoretically design and tune functional-
ized semiconductor hetero structures prior to growth. By
fitting to experimental measurements, such a combined
approach can also be used to gain insight into structural
or electronic properties of samples.
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